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Abstract: The potential recyclability of healable asphalt mixtures has been analyzed in this paper.
A healable porous asphalt mixture with steel wool fibers was artificially aged in order to assess
its recyclability. This mixture was used as reclaimed asphalt in a new porous asphalt mixture,
whose mechanical and healing capacities were studied and compared with the behavior of the original
porous asphalt mixture. The quantity of reclaimed asphalt mixture added was 40%; besides, in order
to recover the properties of the aged binder, and incorporate the last advances in the recyclability
of bituminous mixtures, a rejuvenator was also added (SYLVAROAD™ RP1000). The voids test,
Cantabro particle loss test, water sensitivity test, stiffness test, and fatigue resistance test were
performed to mechanically study the experimental mixture, while the last one (fatigue resistance test)
was also used to assess its healing capacity. The results have shown that the healing capacity of the
original healable porous asphalt mixture is maintained with similar mechanical performance.
Keywords: porous asphalt; healing; induction heating; rejuvenator; recyclability
1. Introduction
Highlights:
• Porous mixture with healing capacity was artificially aged
• It was used as RA to design a new porous asphalt mixture with healing capacity
• Rejuvenator was added to recover binder properties
• The mechanical and healing properties were not affected
Porous asphalt (PA) is a special type of bituminous mixture with a high percentage of voids
(usually higher than 20%). This fact makes this type of mixture especially suitable to increase the skid
resistance, minimize aquaplaning, and decrease the noise emissions and the spray produced by the tires
of vehicles [1]. They are also used as a surface layer to manage the water run-off and to improve the
performance of permeable pavements used as Sustainable Drainage System [2,3]. However, this type
of mixtures has two main disadvantages: the mortar ages more quickly because it is exposed to
weather conditions due to the high percentage of voids, which also increases the stripping of the
aggregates. Both processes produce raveling problems in the PA mixture, which is its typical type of
failure, significantly shortening its useful life [4]. Besides, the PA mixture can show clogging problems,
these mixtures have to be laid in locations with a high percentage of rainy days; otherwise, voids are
going to be filled with dust and stones, and later water is not able to drain into the PA mixture [5].
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Induction heating has been shown to be an effective method to increase the useful life of PA
mixtures, decreasing the small fissures which produce raveling of PA mixtures [6]. Although in the
past, most of the reclaimed asphalt was used in unbound layers as an aggregate, now, the priority
is the reuse of the material in the same conditions as the original mixture, considering not only the
aggregate fraction but also the bitumen, and if possible, maintaining special properties as in the case
of healable mixtures. Recyclability is one of the main environmental parameters when dealing with
bituminous mixtures. In this sense, from approximately 40% of the available reclaimed asphalt (RA) in
2007 (500,000 t) used in unbound layers [7], the figure has been reduced to 1% in 2015, being possible
to reuse approximately 400,000 t in bituminous mixtures [8]. However, the recyclability of the healable
mixtures has not been deeply studied, neglecting whether they can be reused, keeping the healable
properties is a main environmental and economic parameter.
The chance to reduce the consumption of the main raw materials, both natural aggregates and
bitumen, makes the reuse of RA key to reducing the environmental impact of asphalt pavements.
In this sense, existing limitations for the use of RA in surface layers and specific mix types are being
surpassed and these uses are starting to be allowed [9,10].
Regarding the incorporation of RA, the main traditional methods depend on the temperature
(hot or cold recycling) and the location of the production process (in-situ or in-plant) [11]. However,
the development reached by some chemical products and composite materials gives way to new
trends in the reuse of RA such as the replacement of natural aggregate by by-products, the addition
of rejuvenators to recover the properties of the aged bitumen, and the use of warm mix asphalt
technologies [12–19].
2. Scope and Objective
To ensure the positive environmental and economic impact of reusing RA, the field performance of
the recycled mixture should be guaranteed [20]. Besides, in the case of the induction heating technique,
the healable capacity of the recycled asphalt mixture should also be checked. As the induction-healing
of asphalt mixtures is a relatively new technique [21], a deep study to analyze their recyclability
incorporating metal particles is needed, which would improve their economic analysis.
The induction heating technique has been used with RA to know its behavior when the mixture
is aged due to weather conditions [22]; however, its recycling performance, including the re-use of
residual metallic particles inside the RA, and the addition of a rejuvenator, have not been deeply
analyzed. Although the aging process depends on a lot of parameters [23], induction-healable PA
mixes was artificially aged according to the AASHTO R 30-02 to be used as RA in new induction
healable PA mixes.
The impact of 40% of this RA made by healable PA mixture in the mechanical and healing
performance of the new mixtures was evaluated to check the recyclability of this type of mixture.
3. Materials
Conventional aggregates traditionally used in Spain were used. For the coarse fraction, a porphyry
igneous rock (ophite) was used while for the fine and filler fraction, it was limestone. The properties of
these materials are included in Table 1. Concerning the binder, a 50/70 penetration grade bitumen was
used. Its main properties are shown in Table 2.
Steel wool fibers that can be heated by induction were added to the asphalt mixture. These fibers
were supplied with less than 0.5 mm diameter and 6 mm maximum length (Figure 1).
In addition, a bio-based rejuvenator (SYLVAROAD™ RP1000) commercially available on the
market, was added to the RA in order to restore the chemical properties of the aged bitumen. The main
properties of the rejuvenator are shown in Table 3. The selection of this additive, SYLVAROAD™
RP1000, was based on previous positive experiences in the restoration of aged bitumen in asphalt
mixtures with a high percentage of RA [24,25].
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Table 1. Properties of aggregates.
Result Standard
Ophite
Angels coefficient 16 EN 1097-2
Specific weight (g/cm3) 2.937 EN 1097-6
Polished stone value (PSV) >56 EN 1097-8
Flakiness Index (%) 8 EN 933-3
Limestone
Angels coefficient 28 EN 1097-2
Specific weight (g/cm3) 2.725 EN 1097-6
Sand equivalent 78 EN 933-8
Table 2. Binder properties.
Result Standard
Penetration at 25 ◦C (dmm) 57 EN 1426
Softening point (◦C) 51.6 EN 1427
Fraass point (◦C) −13 EN 12593
Density (g/cm3) 1.035 EN 15326
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Table 3. Properties of the rejuvenating additive.
Flash Point (◦C) Viscosity at 60 ◦C (Cst) Density (g/cm3) Cloud Point (◦C)
>280 22 0.93 <−25
4. Methodology
The original induction-healable PA mixture artificially aged in this study to produce the
induction-healable RA was designed and characterized in previous work [6]. The composition
included steel wool fibers (1.1% w/waggregates) and an optimal percentage of bitumen of 4.5% w/wmixture.
The aging procedure was carried out according to the AASHTO R 30-02. This standard includes two
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phases. The first consisting of heating loose mixture at 135 ◦C for 4 h and the second, of heating
compacted samples at 85 ◦C for five days.
The dosage of this RA is presented in Table 4. The properties of the binder after the aging process
are shown in Table 5 where the hardening effect in the bitumen can be observed (both binders, virgin
and aged, were originally the same).
Table 4. Original PA16 dosage.
Material % w/w
Ophitic (coarse aggregate) 85.7
Limestone (fine aggregate + filler) 13.2
Steel Fibers 1.1
Bitumen/mixture (%) 4.5
Table 5. Properties of recovered binder.
RA Binder
Penetration (dmm) 25
Ring and ball (◦C) 63.6
Penetration index 0.2
As explained before, for the evaluation of the recyclability of asphalt mixtures incorporating metal
particles, a new induction-healable PA mixture was designed including 40% of the induction-healable
RA. The new mixture was evaluated in terms of its mechanical and healing performance and compared
with those of the original PA mixture. It should be noted that for the design of the new PA mixture,
100% contribution of the metallic particles contained in the RA was considered. This means that
40% fewer amount of metallic particles were added to the new mixture. Concerning the rejuvenator,
the dosage was 5% w/w in the binder from RA. It was sprayed on the hot RA before its incorporation
into the mixer.
In order to evaluate the mechanical performance of the asphalt mixture, the voids test (EN 12697-8),
the Cantabro loss particle test in dry conditions (EN 12697-17), and the water sensitivity test (EN
12697-12) were carried out. Four samples per type of mixture were used in these tests. Also, the
dynamic performance, in terms of the stiffness (EN 12697-26) and the fatigue resistance (EN 12697-24)
was assessed. For the dynamic tests, at least 14 replicates were tested. Both tests were carried out at
20 ◦C; in the case of the stiffness test, using a fixed strain of 50 µm/m and frequencies from 0.1 Hz to
30 Hz. On the other hand, the fatigue test was done at 30 Hz and the failure criterion was considered
when the cycle (N) for which the sample presented half the initial stress for the imposed strain (ε) is
achieved. The fatigue laws were calculated with the next equation (a and b are constant):
ε(m/m) = a·10−3·N(Cycles)b
Concerning the healing performance evaluation, the fatigue test was selected to damage the
asphalt sample. In this study, the same methodology as in [6], was used to damage and heal the
specimens. According to the results of this previous work, in order to maximize the healing ratio,
the treatment should be done when the sample is near the failure criteria (initial stiffness is reduced
by half). The healing ratio (H.R.) is defined as the ratio between the total sum of cycles before and
after the healing treatment, and the number of cycles that the mixture is able to withstand when no
healing treatment is applied. Thus, a healing ratio higher than 1 means that the fatigue life of the
asphalt mixture was increased.
H.R. =
Cycles 1 (before healing) + Cycles 2 (after healing)
Cycles of failure
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Figure 2 presents the configuration of the healing treatment, with the induction machine, the coil,
the thermal camera, and the asphalt sample.Sustainability 2020, 12, x FOR PEER REVIEW 5 of 10 
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5. Results and Discussion
5.1. Design of the New PA Mixture
The particle size distribution of the aggregates of the new PA mixture, including the highest and
lowest limits requested by the Spanish standards [26], are presented in Figure 3. The percentage of
each material used in its design is included in Table 6. The optimal percentage of virgin binder was 4%
w/wmixture.
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Table 6. New PA16 recycled dosage.
Material % w/w
Ophitic (coarse aggregate) 52.7
Limestone (fine aggregate + filler) 7.2
RA (aged healing PA mixture) 39.2
New steel fibers 0.8
5.2. Mechanical Performance
As explained before, the following tests were performed to assess the mechanical performance of
the new PA mixture incorporating the healable RA: air void content, particle loss, water sensitivity,
stiffness, and fatigue resistance. The results are presented and discussed in this section.
Regarding the air void content and the particle loss of the experimental and the reference PA
mixture, the results are shown in Table 7. Concerning the air void content, a similar result is obtained
in both cases, over 20%, which is considered the minimum value to ensure good drainage in a porous
asphalt mixture. The particle loss test result of the experimental PA mixture can be considered
better than the one of the reference mixture because its mass loss is lower, and it has a slightly
higher percentage of voids. The result is very positive considering that, according to the Spanish
normative [26], the maximum mass loss is limited to 20% for the highest traffic level and to achieve
this requirement, polymer-modified bitumen is normally needed, which is not the case of the research
presented in this paper.
Table 7. Voids and Cantabro particle loss test.
Experimental PA Original PA
Density (g/cm3) 2.097 ± 0.017 2.121 ± 0.006
Voids in mixture (%) 22.1 ± 0.6 20.8 ± 0.2
Loss particle (%) 17.5 ± 1.7 20.9 ± 6.9
The water sensitivity test of the experimental and reference mixes was performed according to
the EN 12697-12 and the results are shown in Table 8. The water effect on the experimental mixture,
measured by the Indirect Tensile Strength Ratio (ITSR), is very close to the original mix. However,
it should be noted that the Indirect Tensile Strength (ITS) obtained by the mixture containing recycled
material is notably lower. This is likely due to the increase in the void content observed before (Table 7).
The rejuvenator could also affect the water damage if it softens the binder somehow.
Table 8. Water sensitivity test result.
Experimental PA Original PA
Dry Wet Dry Wet
I.T.S. (KPa) 1040.0 ± 70.2 864.1 ± 60.1 1319.8 ± 43.5 1125.9 ± 18.7
I.T.S.R. (%) 83 85
Finally, the stiffness and the fatigue resistance tests are carried out according to the EN12697-26
Annex B and EN12697-24 Annex D, respectively. Although the stiffness test results obtained for the
experimental PA mixtures are quite similar to those of the original PA mixture (Table 9), a slight
downward trend is observed for all frequencies. This minor difference can be related to the higher
percentage of voids previously reported.
Sustainability 2020, 12, 9962 7 of 11
Table 9. Stiffness of PA mixtures.
Experimental PA Original PA







(Hz) (MPa) (◦) (MPa) (◦)
0.1 278 21 49.1 3 343 17 49.4 1
0.2 358 47 47.6 3 413 29 48.9 1
0.5 486 63 46.2 2 548 48 47.4 1
1 617 78 44.8 2 684 68 45.7 1
2 785 87 42.9 1 866 98 43.4 1
5 1083 103 40.1 1 1177 152 40.3 1
8 1283 119 38.2 1 1384 189 38.3 1
10 1383 123 37.5 1 1486 206 37.7 1
20 1774 156 34.9 0 1882 272 34.7 1
30 2055 179 33.4 0 2161 315 32.8 1
In the case of the fatigue resistance, the fatigue law of both mixes is also comparable (Table 10),
the strain characteristic of the experimental PA mixture being slightly higher than that of the original
PA mixture, which is coherent with the lightly lower stiffness that this mixture has shown. However,
it should be noted that the experimental PA mixture presented a lower initial stiffness (S0), even lower
than the modulus obtained in the stiffness test at the same frequency, which is probably related to some
variability among the samples.




(µm/m) Fatigue Line R
2
Experimental PA 1700 186.0 ε (m/m) = 4.502·10−3·N−0.2306 0.81
Original PA 2103 171.9 ε (m/m) = 4.060·10−3·N−0.2289 0.93
* 106 cycles.
5.3. Healing Performance
As explained before, in the methodology section, the healing performance was evaluated by
damaging the asphalt sample with the fatigue test and later healing it via induction heating. In order to
define the deformation to be used in the fatigue test, the fatigue law of the experimental PA mixture was
determined through the four-bending fatigue test. Thus, a reference deformation of 175 µm/m (Figure 4)
was selected, which resists 1.3 million cycles to failure according to the fatigue law. As established
in [6], the optimum moment to apply the healing treatment corresponds to the moment when the
stiffness of the mixture is around 55% of its initial value. So, the aim of this procedure was to be closer
to this ratio (55%), applying a deformation of 175 µm/m for 1 million cycles instead of 1.3 million.
Figure 4 presents the characteristics of the fatigue test performed (lines are not proportional in order to
clarify the procedure). The black lines represent the two deformations (175 µm/m and 186 µm/m) and
their cycles until failure applying the test conventionally. The green lines are the deformation and
cycles actually applied in the first stage to assess the healing performance.
Therefore, in the first stage of the healing performance test (Table 11), the samples were subjected
to 1 million cycles before healing. The stiffness reached was 57.4%, which is very close to the aim of
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55%. In the second phase, after applying the healing treatment, the fatigue test was carried out until
failure. The average healing ratio obtained was 2.1.
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1,000,000 174.0 57.4 2.0 173.9 50.0 1,800,484 392,643 2,800,484 2.1
A slight variability inherent to this test can be observed in Figure 5, where the healing ratio
achieved in all the samples is plotted against their stiffness after the first fatigue test. In this same figure,
the results obtained in [6] for the original PA mixture were added to compare the healing performance
of both mixtures. It should be noted that in this case, different deformation levels were applied.
According to the results in Figure 5, it is clear that recycling healable asphalt mixtures including a
rejuvenator is possible without losing the healing capacity of the new mixes produced.
Sustainability 2020, 12, x FOR PEER REVIEW 8 of 10 
Therefore, in the first stage of the healing performance test (Table 11), the samples were 
subjected to 1 million cycles before healing. The stiffness reached was 57.4%, which is very close to 
the aim of 55%. In the second phase, after applying the healing treatment, the fatigue test was carried 
out until failure. The average healing ratio obtained was 2.1. 
Table 11. Healing performance test. 







S1 / S0 (%) 
ε 











174.0 57.4 2.0 173.9 50.0 1800484 392643 2800484 2.1 
A slight variability inherent to this test can be observed in Figure 5, where the healing ratio 
achieved in all the samples is plotted against their stiffness after the first fatigue test. In this same 
figure, the results obtained in [6] for the original PA mixture were added to compare the healing 
performance of both mixtures. It should be noted that in this case, different deformation levels were 
applied. According to the results in Figure 5, it is clear that recycling healable asphalt mixtures 
including a rejuvenator is possible without losing the healing capacity of the new mixes produced.  
 
Figure 5. Healing ratio of each sample. 
Although the original PA sample recycled as RA is different from the one designed for this 
study, the experimental PA, it can be seen in Figure 5 that the healing capacity is still working based 
on the procedure followed in the research.  
6. Conclusions 
In this paper, the recyclability potential of porous asphalt mixes that can be induction healed is 
assessed. To do so, a healable porous asphalt mixture was artificially aged to be used as reclaimed 
asphalt in a new porous asphalt mixture. This new porous asphalt mixture was designed 
incorporating 40% of this reclaimed asphalt with a rejuvenator. The amount of metallic particles of 
the reclaimed asphalt fraction was considered to contribute 100% to the new mixture, so only 60% of 
new steel wool fibers were added to the new mixture. The mechanical and healing performance of 
the new mixture was evaluated, and the main conclusions are summarized as follows: 
• In terms of mechanical performance, the recyclability of healable porous asphalt mixes is 
demonstrated. In this research, the mechanical behavior of the recycled porous asphalt mixture 
with 40% of reclaimed asphalt was quite similar to the original, although both mixtures slightly 
differ in composition. The experimental mixture has slightly increased its resistance against 
. .
Sustainability 2020, 12, 9962 9 of 11
Although the original PA sample recycled as RA is different from the one designed for this study,
the experimental PA, it can be seen in Figure 5 that the healing capacity is still working based on the
procedure followed in the research.
6. Conclusions
In this paper, the recyclability potential of porous asphalt mixes that can be induction healed is
assessed. To do so, a healable porous asphalt mixture was artificially aged to be used as reclaimed
asphalt in a new porous asphalt mixture. This new porous asphalt mixture was designed incorporating
40% of this reclaimed asphalt with a rejuvenator. The amount of metallic particles of the reclaimed
asphalt fraction was considered to contribute 100% to the new mixture, so only 60% of new steel wool
fibers were added to the new mixture. The mechanical and healing performance of the new mixture
was evaluated, and the main conclusions are summarized as follows:
• In terms of mechanical performance, the recyclability of healable porous asphalt mixes is
demonstrated. In this research, the mechanical behavior of the recycled porous asphalt mixture
with 40% of reclaimed asphalt was quite similar to the original, although both mixtures slightly
differ in composition. The experimental mixture has slightly increased its resistance against
raveling despite it having a higher percentage of voids. Concerning the water sensitivity test,
the experimental mixture showed lower resistances than the original mixture, although the water
damage ratio is quite similar. This result is also conditioned by the higher percentage of voids of
the experimental mixture. Concerning its stiffness and fatigue resistance, a similar mechanical
performance was observed.
• With regard to the healing performance, the recyclability of healable porous asphalt mixes is also
demonstrated. The recycled mixture incorporating 40% reclaimed asphalt maintained and even
improved the healing capacity of the original healable porous asphalt mixture. This difference is
probably due to the small modifications between both mixes, such as the total bitumen or voids
content, and the effect of the rejuvenator.
• The addition of the rejuvenator proved to be adequate in terms of both the mechanical and healing
performance point of view.
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